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Potential Fuel Cycle Options
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waste

Ore recovery, refining and         

enrichment
Fuel

Reactor

Electricity, process heat
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fuel  (after at least one 

reburn)

*A specific fuel cycle strategy may include more than one fuel design, reactor design, or fuel treatment process.

Transmutation technology needed for latter two fuel cycle options 2
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Transmutation Technology

 The recycle material is transmuted for either waste management 

or resource extension purposes

– Fission of selected actinides, termed “actinide burning”

– Conversion of problematic waste isotopes (e.g., to shorter decay time)

– Conversion of natural uranium into usable fuel materials 

 For actinide transmutation, the recycled fuels produce 

significant energy in the transmutation process

– Transmutation systems are expensive (often dominate fuel cycle costs)

– Potential for revenue production with energy conversion

– Handling of radioisotopes and heat is a key safety consideration

 Therefore, performance goals include:

– Efficient transmutation of targeted waste materials

– Efficient utilization of uranium resources

– Efficient and safe energy utilization
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Transmutation R&D Objectives

The mission is to research and develop advanced technologies to 

significantly improve the efficiency and safety performance of 

transmutation systems

Three grand challenges are identified:

 Develop transmutation options that meet a broad range of fuel 

cycle strategies ranging from deep burn actinide consumption 

to extended uranium utilization

 Develop high performance transmutation options with usable 

energy products – comparable to LWR generation costs

 Demonstrate prevention of radiation release to public for all 

events – normal operation, accidents, or malevolent acts



Modified Open Cycle Examples

 Breed and burn concepts 

– Enhanced uranium utilization using 

natural uranium feed material

– Fuel conditioning option to extend life

 Deep burn of transuranics in non-

uranium inert matrix fuels

– Initial fuel processing required, but 

direct disposal after deep burn

– High-temperature gas reactor fuel, or

– Driven systems to extend burnup

 DUPIC process for recycle of LWR 

fuel into CANDU reactors

 Neutron-source driven options:

– Fusion-fission systems

– Accelerator driven systems
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Traveling Wave Approach

for Breed-Burn Concept

U8

U5 0.7%

Natural Uranium

U5

U8

99.3% DU

Fuel

Blanket

Enriched Uranium 

(15-20%)

Mass Blanket

Mass Fuel
~ 25

Startup 

Fuel
l1

l2

l2
l1

~ 25

• The physics works

• Difficult design 

issues for control 

1D Core Model (Candle)

• High utilization is 

possible in one step 

with advanced fuel

• Cleanup (mechanical) 

allows for recycle

d1

d2

d2

d1

~ 5

2D Core Model

• Radial propagation is 

unlikely to work

• Looking at blanket 

shuffling schemes

• High dpa fuel (450)

• Tough design issues



 Transuranics are separated from LWR used fuel

 Non-uranium TRISO fuel burned in gas-cooled thermal reactor

– Optimum packing fraction and kernel size were determined

– Four batch scheme to maximize single pass deep burnup (~58%)

– Spent TRISO could be direct disposed or stored for recycle

Deep-Burn Example in Gas Reactor
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Full Recycle Options

with Actinide Management

 A wide variety of full recycle 

strategies have been explored

 Transmutation options ranging from 

conventional reactors to source-

driven minor actinide fuels

 In closed cycle, used fuel separated 

into re-useable and waste materials

 Residual waste will go to a 

geological repository 

 Recycled material converted in 

transmutation system

 Fuel cycle closure with repeated 

recycle (e.g., in a recycle reactor)

Energy Production 

Reactor

Transmutation 

System

Recycle Fuel

Fabrication

Recycle Used 

Uranium

Extend Uranium 

Resources
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Extensive Previous Studies on

Full Recycle Fuel Cycle Options

 Systematic evaluations of transmutation in reactor systems and Accelerator-

Driven Systems (ADS) were conducted under the ATW/AAA/AFCI Programs

 Assessment of recycle in LWRs

– Conventional mixed oxide (MOX) and inert matrix fuels

– Recycle of all transuranics and/or limited elements (e.g., Pu+Np)

– Limited recycle (1-5 passes) in a tiered fuel cycle strategy

 Fast reactor transmutation options

– Comparison to fast spectrum ADS options

– Variable conversion ratio for actinide management

– Application as second tier transmuter after LWR recycle

 Transmutation impacts of all six Generation-IV reactor options

 Other specific transmutation issues or systems

– Deep-burn in gas-cooled thermal systems

– Plutonium transmutation in CANDU reactors

– Long-lived fission product transmutation

– Reduced moderation water reactors

– Heterogeneous recycle strategies (i.e., targets) in thermal and fast reactors
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 A wide variety of recycle reactor options have been considered

– In short-term, LWRs are and will be the dominant reactor type

– Early replacement plants will likely be advanced LWRs (ALWRs)

– Generation-IV advanced reactors
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 Neutrons are moderated by water 

in LWRs and by graphite in most 

gas-cooled reactors

– Fission reactions occur in the 

“thermal” peak 

 In fast reactors, light materials 

are avoided and moderation is 

significantly reduced

– Fission reactions occur in the 

“fast” energy range

Actinide transmutation behavior is very different between fast/thermal

Comparison of Generation-IV

Transmutation Reactor Options



 Fissile isotopes are likely to fission in both thermal/fast spectrum

– Fission fraction is higher in fast spectrum

 Significant (up to 50% in Pu-240) fission of fertile isotopes in fast spectrum

Net result is more excess neutrons and less higher actinide generation in FR
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Impact of Neutron Energy Spectrum on 

Transmutation Behavior 
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Evaluation of Multi-Recycle in LWRs

 Significant research on multi-recycle in conventional LWRs has been conducted 

both in U.S. programs and international collaboration with CEA

Consensus is that continuous recycle can be achieved within two important 

constraints:

1. An external fissile “support” feed is required

– Neutron balance of recycled TRU not sufficient to sustain criticality

– Standard 5% enriched uranium or other fissile feed can be utilized

2. A technique to manage higher actinide buildup is required

– Initial recycle may be possible, but neutron source from very high actinides 

becomes fuel handling problem (see backup #20)

– Long cooling time approach can mitigate

– Separation of curium can prevent higher actinide generation

 Safety impact of high TRU content fuels must also be considered

– May limit fraction of core loading, particularly for current LWRs

 In practice (e.g., France), thermal recycle limited by constraints related to fuel 

handling that get progressively worse each recycle



Fast reactors with full recycle can effectively manage transuranics

 Can be configured as 
modest breeders (CR ≥ 1) 
to moderate burners (CR ≥ 0.5) 
with conventional technology

 Low conversion ratio designs 
(CR<0.5) were investigated 
for transmutation applications

– Use High enrichment fuels 

 Safety performance will change at low uranium content 
(e.g., reactivity losses, reduced Doppler coefficient) 

– Detailed safety analysis conducted for (CR ≥ 0.25) (<50% enrichment)

– Passive safety behavior is not compromised

High Leakage CompactPRISM Mod B

Low Enrichment Fuel High Enrichment Fuel Control Ultimate Shutdown

Shield Gas Expansion ModuleReflector
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Actinide Management Flexibility

in Fast Spectrum Systems
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Comparison of Fast Spectrum

Reactor (FR) and ADS Systems

 Electricity generation costs of ADS will be higher than FR options

– Differences of 10-25% in total fuel cycle cost-of-electricity

 Fast reactors ideal in protracted full recycle options

– Significant electricity generation and plutonium consumption

– Possible transition to uranium resource extension mode

 ADS best suited to limited transmutation inventory

– Target deep burnup in LWRs before recycle, or 

– Apply to only the minor actinide inventory

 Different level of maturity and technical risk

– ADS requires additional technology development

– Fuel cycle R&D requirements similar for both options

 Future nuclear energy scenario is a key consideration

– Growth – favors FR with flexible conversion ratio

– Contraction – ADS system (using non-uranium fuel) provides the most 

rapid transmutation rates
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General Directions of U.S.

Fast Reactor R&D

 For most closed fuel cycle options, must develop and 

demonstrate recycle reactor transmutation technology

– Limited recycle in thermal systems can be used for partial transmuting

– Fast spectrum needed for final transmutation system

 For future fast reactor technology, research is focused on key 

performance improvements (i.e., result in major commodity 

reductions or efficient electricity generation)

– Improved design approach (e.g., compact configuration)

– Advanced technologies (e.g., materials, energy conversion)

– Advanced simulation for optimized design

 A second research focus is assurance of safety to promote 

design simplification and licensing

 A third, related focus is high system reliability
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Technical R&D Areas

Fast System R&D is focused on several technical disciplines:

 Nuclear Data (backup #21)

– Improved measurements and uncertainty evaluations

 Advanced Energy Conversion Systems (backup #22)

– Improved efficiency and reliability

 Advanced Materials (backup #23)

– High strength, robust alloys

 System Integration (backup #24)

– Utilization of technology innovations and estimation of benefits

 Safety Research

– Inherent safety approach and regulatory issues

Other DOE-NE R&D initiatives include fast reactor applications:

 Modeling and Simulation (backup #25)

 Transmutation Fuels
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Modeling and Simulation:

Performance Improvements

 Higher fidelity modeling allows improved performance with 

existing technology

– Conservative assumptions employed for current designs

– Provides assurance of performance and safety behavior

– E.g., lower peak temperature (similar average) with advanced model

 Integrated physics modeling in future design tools allows 

optimization of configuration and performance

– Can tailor system based on more detailed understanding

– Streamlines iterations to investigate design refinements

– For example, can directly examine impact of geometric tolerances

 Facilitates the exploration and assessment of innovative 

configurations and features outside the existing database

– Predictive capability allows wide range of performance comparisons

– Useful to guide and tailor validation experiments for new features



Role of International Collaboration

International collaboration is important for a science-based approach

 Maintain breadth and depth of knowledge

 Expanded validation database sources

 Stimulate new ideas

Fast Reactor R&D important for ALL major nuclear states:

 Trilateral MOU signed with France (CEA) and Japan (JAEA) for sodium-

cooled fast reactor (SFR) development

 Bilateral agreements with France and Japan on specific items

– Participation in MONJU restart (validation data) 

 Bilateral working group on fast reactor technology with China

– Initial focus on transfer and training on fast reactor safety codes

 Bilateral discussions on fast test reactor options with Russia

 Collaboration on SFR and LFR technology development through the 

Generation-IV International Forum

– Active role in five multi-lateral Technical Projects
18
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BACKUP MATERIALS
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 From physics perspective, repeated 
recycle can be achieved

 TRU content gradually increases with 
recycle stage

 Power peaking may be a problem at high 
TRU enrichment 

 High minor actinide content complicates 
fuel handling and usage, therefore, number 
of recycles may be limited in practice

Mass Evolution with TRU Recycling
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Fuel Handling Indices at Fabrication Stage 

Compared to CORAIL-Pu Cycle 7
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Nuclear Data:

Time Projection Chamber (TPC)

 Sub-percent fission measurements will 
significantly reduce uncertainties that 
impact reactor and fuel cycle integral 
quantities

 TPC will provide 3D “pictures” of the 
charged particle trajectories

– Alpha backgrounds removed

– Sample auto-radiograph ( particles)

– Beam non-uniformities

– Multi-actinide targets

 TPC will use thin backing foils (<50g/cm2)

– Minimize beam interaction backgrounds

– Maximize efficiency

– Minimize multiple scattering of fragments

– H2 drift gas will also minimize scattering

 TPC will provide data on both fission 
fragments simultaneously

– Random backgrounds removed (vertex 
requirement)

– Fission vertex with <100 m resolution 
(fission radiograph)

Alphas
Fission 

fragments



 Multiple goals to improve 

performance

– Better thermal efficiency

– Compact economic benefits

 Demonstration of key features of 

supercritical CO2 Brayton cycle

 Development and testing of 

control strategies

 Confirmation of materials and 

performance durability

Recent Accomplishments

• Now testing  MWt turbomachinery test loop with recuperators

• Produced electric power at low temperature and efficiency

Advanced Energy Conversion

22
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Environmental testing of 

Advanced Materials

 Environmental (thermal, radiation and/or coolant) can have 
a significant impact on mechanical performance and alloy 
stability

 Thermal Aging  

– Time at temperature may degrade material properties.

 Irradiation Testing  

– Initial irradiation and PIE on candidate alloys will start in 
FY09

– Initial Testing will help prioritize PIE from MATRIX-II

– Some HT-UPS samples from FFTF/MOTA experiments 
have also been identified

– Data interpretation and semi-empirical modeling will guide 
future tests and needs

 Corrosion in Sodium  

– Corrosion in liquid metals must be evaluated and 
understood for the candidate alloys

– The pumped-Na loop at ANL will be utilized in addition to 
convection-driven loops at ORNL

– Initial burden-modeling activities will also provide insight into 
transfer of C, O, and/or N around the reactor loop
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System Integration Example:

Impact of Advanced Materials

 Four benefits considered: 
improved safety margins, 
longer lifetime, thinner 
components, higher operating 
temperature

 Calculated the equivalent 
thickness of the component 
given the material properties of 
the advanced materials

 Did not perform detailed 
calculations to determine the 
feasibility of fabrication

 Did not estimate differences in 
cost for alloys nor fabrication 
costs – used material mass as 
a surrogate measure

 Estimated reduction of about 
45% in considered structures

 The trend is important not
absolute value
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Modeling/Simulation Example

 Axially-independent cross 

flow terms used in the 

subchannel model are not 

able to resolve the axial 

periodicity in the temperature 

due to the wire wraps (see 

arrows)

 Temperature distribution is 

symmetric in the subchannel 

results, but skewed in the 

RANS (advanced model) 

results

 Cross flow terms from higher-

fidelity modeling would result 

in better agreement between 

subchannel and RANS

Differences Between Steady-State Subchannel and RANS 

Coolant Temperature Distributions in a 217-Pin Fuel Bundle.

 


